Density functional methods have been used for the calculation of electronic structures, electronic transitions, vertical electron affinities and intermolecular reorganization energies for tri-aryl substituted dibenzothiophenes. These model compounds were then compared to the predicted values for dibenzo [b,d]thiophen-2-yltriphenylsilane (DBTSI 2) and to dibenzo [b,d]thiophene-2,8-diylbis(diphenylphosphine oxide) (PO15), known electron transport molecules. The results indicate that these model compounds can be used in a blue OLED system.
Introduction
Numerous advances in organic light emitting device (OLED) technology have occurred since the discovery by Tang and van Slyke [1] . This is due in part to the synthetic versatility of organic materials, which can be designed with tuned properties, including emission energy, charge transport, and morphological stability, all important for efficient OLED operation. As a result, displays based on this technology have become available in the marketplace. A further outcome of this progress is that the efficiency of OLEDs has increased to the point where they are within range of solid state lighting (white light) applications. Realizing this potential has created new challenges to overcome. Blue electrophosphorescence, which is a necessary component of white light, has been a particular challenge because the triplet excited state of the material system (host, hole transport and electron transport materials) must be higher than that of the dopant in order to prevent quenching of the dopant emission (see Figure 1 ) [2] . This requires a host material with even higher triplet energy than the blue phosphor dopant. Consequently, reports of high efficiency and long-lived blue phosphorescent OLEDs have been rare, in part because of the lack of appropriate organic charge transport materials into which to dope the phosphorescent emitter.
The most important factor to optimize the external quantum efficiency of an OLED is the charge balance in the emissive layer [3] . The charge balance depends on injection of carriers at the electrodes as well as balanced charge mobility by the transport layers. Unlike many other parameters that govern OLED performance, this needs to be addressed at the design stage of the molecules. This, in turn, means that one needs to look for materials which possess desirable ionization potentials and electron affinities at the electron and hole injecting interface in order to get efficient charge injection.
Also, the molecule must possess the inherent ability to transport the desired charge carrier. In order to ensure that a molecule has favorable performance in an OLED, many factors (chemical and physical) need to be optimized. This means parameters such as ion stability, relaxation energies, luminescence yields and molecular orbital energy levels must be known. Theoretical methods can be used to evaluate some of these potential targets [4] . Here, we use density functional theory to evaluate a class of molecules as potential candidates for the electron transport layer (ETL). These model compounds are then compared to a state of the art material (PO15) we have reported [5] . The model ETL we study here are based on a dibenzothiophine moiety attached to one or two triphenylsilane groups (Figure 2 ).
Theoretical Methods
All calculations were performed with the NWChem computational package [6] , at the Molecular Science Computing Facility (MSCF) in the Environmental Molecular Sciences Laboratory (EMSL). Molecular orbitals and bond lengths were visualized using Extensible Computational Chemistry Environment (ECCE) a component of the Molecular Science Software Suite (MS3) developed at the Pacific Northwest National Laboratory (PNNL) [7] . Geometry optimization and electronic properties were computed at the density functional theory (DFT) level. For the DFT calculations, B3LYP hybrid functionals were employed [8] . It is common these days to use a high level basis set for these kind of electronic property calculations.
Here, we used Pople's standard split-valence plus poCopyright © 2012 SciRes. AMPC A. B. PADMAPERUMA 221 larization 6-31G*, [9] and Dunning's correlation consistent (double zeta) basis set cc-pVDz basis set [9] to optimize the geometry of DBTSI 2. These predicted values were then compared to the experimental values obtained by our group previously [10] (Tables 1 and 2 ). The element numbers are shown in Figure 3 . Although Dunning's correlation consistent basis sets have had redundant functions removed and have been rotated in order to increase computational efficiency [11] [12] [13] [14] [15] [16] [17] , the computer time needed for 6-31G* calculations are still shorter. From the data it is clear that the higher level of basis set does not provide an accurate description of the geometry. As such, for the geometry optimization Pople's standard split-valence plus polarization 6-31G* basis set was used.
In previous work, we studied several classes of electronic molecules using different DFT type functionals and 6-31G* as the basis set. From this work we established that the B3LYP/6-31G* level of theory gave values that closely matched the experimental values for bond lengths, bond angles and orbital energies [18] . The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies were determined from the minimized singlet geometry ( Table  3) . Electron binding energies and ionization potentials of molecules were calculated by the delta self-consistent field (ΔSCF) as the difference in energy between a molecule and its radical cation. The same level of theory was applied to both the anion and the neutral species for the electron affinity calculations. The spin unrestricted B3LYP (UB3LYP) density functional was employed to treat the species with an ionized open-shell doublet (one unpaired electron) electron configurations. The results obtained with theΔSCF method were compared with calculations based on the traditional Koopmans' theorem approach [19] . The DFT was used to investigate the effects of substitution on the reorganization energy. The total reorganization energy was evaluated based on 
Results and Discussion

Molecular Orbitals
The π-molecular orbitals for the highest occupied and the lowest unoccupied orbital of dibenzothiophene (DBT) is shown in Figure 4 . In the case of the occupied MO, there is π-electron density on the sulfur atom. There are two nodes on this MO in addition to those on the C3 and the C7 positions. When the LUMO is considered, there are nodes on the sulfur atom, as well as the C2 and the C8 positions. The effect of Ph 3 Si-substitution on the energy of the HOMO and LUMO levels of DBT was studied next (Figure 5) . The substitution on the C1, C3 and C4 destabilized the HOMO level of DBT by 0.1 eV, 0.03 eV, and 0.10 eV respectively. Substitution on the C2 had no effect on the HOMO level, the same was seen for disubstitution at C2and C8 (short axis). However, di-substitution on C3and C7 (long axis) of DBT destabilized the HOMO by 0.05 eV. The LUMO level was stabilized by substitution except for on the C4 position. The substitution on the C1, C2 and C3 stabilized the LUMO level of DBT by 0.11 eV, 0.02 eV, and 0.14 eV respectively. Also, di-substitution on C2and C8 (short axis) and on C3and C7 (long axis) stabilized the LUMO level of DBT by 0.03 eV, 0.28 eV respectively.
HOMO-LUMO Gap and Lowest Excitation Energies
The energy gap between the occupied and the unoccupied levels can be theoretically predicted using two methods. The first method is based on ground state calculations, from which the band gap is estimated as the energy difference between the HOMO and the LUMO (Δ H-L ) [21] [22] [23] . The second method is the use of time dependent density functional theory (TD-DFT). TD-DFT methods can be used to study complex systems due to their relatively low computational cost, and the ability to include in its formalism the electron correlation effects. The HOMO-LUMO gaps (Δ H-L ) and lowest singlet excited energies (S 1 ) are both listed in Table 4 . The S1 state is always due to the HOMO-LUMO transition. The dominant transition is localized on the DBT moiety for all the molecules. This is in accordance with what we observed for this type of structures before [10] . As expected, the substitution of the DBT core lowers the bandgap. However, these molecules still maintain the necessary values to be used as ETLs for a blue OLED system.
Ionization Potentials, Electron Affinities, and Triplet Energy
It is important to design host molecules with efficient injection and transport of both holes and electrons. These are also important parameters that need to be optimized during the rational design of molecules for optimized OLEDs. Ionization potentials (IP) and electron affinities (EA) are used to estimate the energy barrier for the injection of both holes and electrons into the molecule in question. The arylsilane substitution reduces the IP for the DBT moiety, and the substitution has different effects on the EA. As mentioned, the triplet energy (ET) of these molecules needs to be higher than that of the emitter. The ETL material PO15 has shown that it has a suitable ET, and is used as the baseline for this study. The lowest energy singlet-triplet transition energy was calculated using TD-DFT methods ( Table 5 ) [24] . All molecules studied here do have an ET similar to the baseline molecule PO15 and have the potential to be used as ETLs for a blue OLED system.
Reorganization Energy
The electron transport properties can be explained using the semi-classical Marcus theory [25] or the BixonJortner model [26] . Either way, it is clear that the reorganization energy plays an important role when it comes to controlling the electron transfer rates. The reorganization energy includes contributions from the in tramolecular and intermolecular energy change during a charge transfer Table 4 . Electronic transition data. event. The intramolecular reorganization energy refers to the relaxation of the molecule involved in the charge transfer process. The intermolecular reorganization energy refers to the relaxation of the medium in which the charge transfer takes place. First-principle quantum chemistry calculations can be performed to investigate the charge transport properties. In this study we have focused on estimating the intramolecular reorganization energy (λ) to evaluate the molecules studied. The adiabatic potential energy surfaces method, as outlined in Figure 6 was used in the calculation of reorganization energy.
For the neutral molecule A, the reorganization energies for hole transport and electron transport are as follows: are the energies of neutral and cation/anion monomers with the cation/anion and neutral geometries, respectively. The data calculated for the substituted silanes is shown in Table 6 .
We have demonstrated previously that lower reorganization energy corresponds to a higher charge transport rate [27] . Based on this knowledge we can rank the molecules in the series. Substitution on the C2 position results in highest electron transport rate. For mono-substituted molecules the rate of electron transport is DBTSI 2 > DBTSI 4 > DBTSI 1 > DBTSI 3. For mono-substituted molecules the rate of hole transport is DBTSI 3 > DBTSI 1 > DBTSI 2 > DBTSI 4. The DBTSI 3 has the highest hole transport rate and the lowest electron transport rate. Similar results were seen for the disubstituted cases as well. 
Conclusion
Using theoretical methods we have described a set of molecules that are promising as electron transport materials for blue OLEDs. The ETms have sufficiently deep HOMO energies to block holes and high enough triplet energies to prevent exciton quenching. These materials have the chemical functionality to transport electrons and can be used as the electron transport/hole blocking layers in blue electro phosphorescent OLED devices. 
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